Non-standard abbreviations.
Introduction
5F 203 (2-(4-amino-3-methylphenyl)-5-fluorobenzothiazole) was originally synthesised (Hutchinson et al., 2001 ) as part of a programme to develop novel anti-cancer drugs; these agents have potent and selective activity against a variety of tumour cell lines. The specificity of the benzothiazole series against a range of cell types suggests a novel mode of action, and a pro-drug of 5F 203 is currently in clinical trials .
Whilst investigating the mechanism of action of these drugs, it was shown that the induction of cytochrome P450 1A1 (CYP1A1) was a key response (Chua et al., 2000) , and it has been proposed that the induction of CYP1A1 causes metabolic activation of the benzothiazoles, thus causing genotoxicity and thereby explaining their anti-cancer effect. The induction of CYP1A1 is known to be mediated by the Aryl Hydrocarbon Receptor (AhR) (Whitlock, 1999) , a ligand-activated transcription factor. Several ligands of the AhR have been shown to have anti-cancer activity (Chen et al., 1998) (Abdelrahim et al., 2006) (McDougal et al., 1997) , and interactions with the AhR may represent a mode of action for the benzothiazoles.
In agreement with this hypothesis, benzothiazoles cause nuclear translocation of the AhR, and transcriptional activation of this receptor (Loaiza-Perez et al., 2002) . However, there is no published data as to whether anti-cancer benzothiazoles are ligands of the AhR. It has been reported that structurally related benzimidazole compounds can activate the AhR in the absence of ligand-binding (Dzeletovic et al., 1997) (Backlund et al., 1997) (Backlund and Ingelman-Sundberg, 2005 ), which appears to be a distinct mechanism of AhR activation. There is thus the possibility that benzothiazoles could activate the AhR by a non-ligand interaction with the AhR, and such a mechanism would have implications for understanding how these drugs act as anticancer agents.
We have therefore undertaken to analyse the role of the AhR in the mechanism of action of these drugs by determining the ability of these compounds to bind ligand, quantifying the ability of these drugs to activate a specific target gene of the AhR, and relating these parameters to antiproliferative activity. The data show that benzothiazoles are ligands of the AhR, and quantitative assessement of ligand-affinity and agonism reveals species-specific partial agonism of the AhR.
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Methods
Animals. Male Wistar rats CRL:WI (2-3 weeks, 200-250 g) were purchased from Charles River (UK). The animals were housed in cages under standard laboratory conditions (24°C, 60% humidity, 12 hours dark/light cycle) and were given 3 days to adapt to standard laboratory conditions. These animals were used for cytosol preparation following liver perfusion.
Cell culture. Both cell lines were purchased from Sigma ECACC and culture chemicals were purchased from Sigma. The H4-II-EC3 and MCF-7 cells were cultured in modified Eagle's medium (MEM) containing sodium bicarbonate and supplemented with 10% foetal bovine serum, 1% (200 mM L-glutamine, 10,000 U penicillin and 10 mg/ml Streptomycin) solution 100x, 1%
MEM nonessential amino acid solution 100x. The cells were cultured in a humidified atmosphere with 5 % CO 2 at 37°C. and Dextran-coated Charcoal (DCC) were purchased from Sigma.
[ 3 H]-TCDD standard binding assay. The radioligand binding assay is slightly modified from the classic assay (Bradfield et al., 1988) , except using TCAOB (Poland et al., 1976) 
RNA and RT-PCR analysis.
Total RNA from H4-II-E cells and MCF-7 cells was isolated, quantitated and 50 ng was reverse transcribed into cDNA and quantitative RT-PCR analysis performed essentially as described (Bell et al., 2007) , except that confluent cultures were lysed with 0.2 ml of lysis buffer and the amount of cDNA used for multiplex PCRs was 2 ng. PCR efficiencies were empirically determined for each probe, and varied from 109-118% for rat genes and from 110-125% for human genes.The cDNA sequences of the human CYP1A1, -actin and AhR are listed in Table 2 . The three probes were analysed in the same real-time PCR reaction; CYP1A1 and AhR RNA levels are presented as a ratio to -actin, and -actin levels are presented as a ratio to input cDNA.
MTT assay. The general procedure is essentially as described by . MCF-7 and H4-II-E cells were seeded in triplicate into 96-well microliter plates at a density of 2.5 x 10 3 /180 l and 5 x 10 3 /180 l respectively and allowed 24 h to adhere before compounds were introduced (final concentration 0.1 nM to 10 mM, n = 8 by 5F 203. The K i for 5F 203 was 2.8 nM (95% CI, 2-5 nM). Thus, 5F 203 is a high-affinity ligand for AhR. Further phenylbenzothiazole analogues were assessed for their ability to compete with TCDD for binding to specific sites, and all the compounds in Table 1 yielded a K i <10 nM, showing that high affinity binding to the AhR is a common feature in this class of compounds.
CYP1A1 mRNA induction assay in H4-II-E cells: time course of effects
Given quantitative estimates of ligand-binding affinity, it was then important to develop a quantitative measure of AhR agonism in a TCDD-responsive rat cell line (Willett et al., 1998) . The induction of CYP1A1 is well characterised as a measure of AhR agonism, and the time course of induction of CYP1A1 mRNA was measured, with a view to ensuring that the response was linear with time. The measurements of mRNA use normalisation against ß-actin mRNA, therefore, it was essential to test that ß-actin mRNA expression is not affected by treatment. An additional reference gene used in this study was the AhR mRNA. points.This finding shows that the two reference genes can be reliably measured and do not vary with treatment or time. Thus, they are suitable to use as reference genes.
Fig 2 A reveals that TCDD significantly increased CYP1A1 mRNA levels after 4 h of treatment, and maximal levels of induced CYP1A1 mRNA were achieved after 12 h of treatment.
The induction of CYP1A1 mRNA by TCDD was shown to be linear over time up to 12 h. The time-course of the induction of CYP1A1 mRNA by 5F 203 was examined, since this compound may be metabolised. Fig 2C shows 5F 203 significantly increases CYP1A1/ß-actin mRNA ratio after 2 h treatment, before attaining maximal induction around 6-8 h. At 4 h of treatment with either TCDD or 5F 203, the induction of CYP1A1/ß-actin mRNA ratio was high enough to be measured reliably (>300-fold above control values) and was linear for both compounds. Therefore, further experiments were conducted with 4 h exposure of cells to compound.
Induction of CYP1A1 mRNA by TCDD and benzothiazoles in H4IIEC3 cells
In order to determine if these compounds were equally potent agonists, the concentration-response curve for induction of CYP1A1 mRNA by TCDD and 5F 203 was determined. Measurement of -actin and AhR RNAs confirmed that variation in these genes was less than twofold from control, confirming the reliability of the PCR measurement ( Fig. 3B and 3D ). The EC 50 value for TCDD was 60 pM (95% CI, 33-100) (Fig 3A) , and repeat assays gave a coefficient of variation for EC 50 values of ~33%. However, the EC 50 for 5F 203 was 3 M (95% CI, 1.3-7.7 M) and the maximal levels of CYP1A1 mRNA induced by 5F 203 were not significantly different from those obtained with TCDD. Thus, 5F 203 is a full agonist in this system, but is ~50,000-fold less potent than TCDD.
In order to determine if this was a unique characteristic of 5F 203, or typical of these compounds, further phenylbenzothiazole analogues were tested for their ability to induce CYP1A1 mRNA ( Fig 3C) . While IH 445 is a potent inducer for CYP1A1 with an EC 50 of 4 nM (95% confidence interval 2-10 nM), DF 203, GW 610 and AW 892 have EC 50 values in the micromolar range; thus a low potency at inducing CYP1A1 RNA is a common feature to several benzothiazoles.
A quantitative comparison between binding to AhR (K i ) and CYP1A1 mRNA induction (EC 50 ) is shown in K i :EC 50 ratio 200-fold lower than IH 445. This shows that the low-agonist potency profile manifested by some phenylbenzothiazoles is a common property for several benzothiazoles, but that it is a compound-specific characteristic, since IH 445 is a relatively potent agonist.
Investigating the partial agonism of 5F 203
The significant disparity between binding and induction measurements suggests two possibilities: the first is a difference in intrinsic efficacy, and the second is a difference in metabolism or excretion of the compounds. The first possibility leads to the testable hypothesis that 5F 203 would have an antagonistic effect on the ability of TCDD to induce CYP1A1 . Fig 4 A shows the concentration-response curves of TCDD alone and in combination with 1 M 5F 203.
TCDD had an EC 50 value of 46 pM (95% CI, 13-160 pM) in the absence, and 5 nM (95% CI, 2-12 nM) in the presence, of 1 M 5F 203; thus the EC 50 for TCDD was shifted to the right by 100-fold. Maximal levels of CYP1A1 RNA induced by TCDD in the presence and absence of 5F 203 were not significantly different. IH 445 (K i =0.9 nM) was used as a control; since it is a potent agonist for the induction of CYP1A1 mRNA in H4-II-E cells (Table 3. to show detectable antagonism in this assay, and thus this demonstrates that the inhibition of induction of CYP1A1 RNA is not a non-specific consequence of the phenylbenzothiazole structure, but is chemical-specific. In summary, this experiment provides powerful evidence for excluding the possibility that poor availability of the 5F 203 could be the major reason behind the large quantitative difference in potency between 5F 203 and TCDD; if most of the 5F 203 were metabolised and/ or excreted, one would expect that there would be no change in potency of TCDD. 
Schild regression analysis
Induction assays in human MCF-7 cells
The ability of 5F 203 to act as an antagonist of TCDD at inducing CYP1A1 in human cells was investigated; MCF-7 cells were used since these showed inducibility of CYP1A1 by TCDD (Christou et al., 1994) and 5F 203 (Brantley et al., 2004 ). CYP1A1 mRNA was highly induced by 5F 203 and TCDD (~1600-and ~1700-fold above vehicle control, respectively). The EC 50 value for TCDD was 0.2 nM (95% CI, 0.07-0.6), and for 5F 203 was 2 nM (95% CI, 0.9-5), only 10-fold less potent than TCDD. These results are in contrast to the marked difference in potency in rat cells.
The antagonistic activity of 5F 203 was investigated in MCF-7 cells by co-exposing cultures to increasing concentrations of TCDD ± 500 pM 5F 203 ( Fig 5C) . From fig 5C, the EC 50 for TCDD in the absence of 500 pM 5F 203 was 300 pM (95% CI, 98-930] whereas in the presence of 500 pM 5F 203, the EC 50 for TCDD was 400 pM (95% CI, 250-700), which was not significantly different. Thus 5F 203 had no detectable antagonistic activity on the induction of CYP1A1 RNA by TCDD in human MCF-7 cells.
Investigating the antiproliferative activity of benzothiazoles in MCF-7 and H4-II-E cells
Given the marked difference in ability of phenylbenzothiazoles to antagonise AhR between human MCF-7, and rat H4-II-E, cells, the antiproliferative activity of phenylbenzothiazole analogues was characterised in these cell lines using the MTT cell viability assay (Table 4. ).
Camptothecin was used as a positive control, and gave potent growth inhibition in MCF-7 cells (19 nM, 95% CI 6-56 nM) (Fig 6B) . 5F 203 and IH 445 decreased growth in MCF-7 cells with
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a GI 50 value of 18 nM (95% CI, 8.7-39 nM) and 14 nM (95% CI 7-24 nM), respectively, consistent with previous reports (Hutchinson et al., 2001 ) . TCDD treatment did not affect cell growth at any concentration tested and confirms that agonism of the AhR by TCDD per se has no inhibitory activity in MCF-7 cells.
H4-II-E cells were treated with these chemicals to investigate the antiproliferative activity of these compounds, using the same MTT assay (Table 4. ). Fig 6 A shows that the positive control compound, camptothecin, had a GI 50 of 67 nM (95% CI, 12-386 nM), and at concentrations ≥ 100 nM was cytotoxic, whereas TCDD did not inhibit cell growth at any concentration tested.
5F 203 failed to inhibit the growth of the cells up to 10 µM, the limit of solubility. In contrast, IH 445 was found to inhibit cell growth, with a GI 50 value of 100 nM (95% CI, 40-248 nM).
Thus the ability to agonise at the AhR correlated with anti-proliferative activity of benzothiazoles both across species (rat vs human cell lines) and within a species (5F 203 vs. IH 445).
Discussion
The ability of 5F 203 to displace specifically-bound TCDD from cytosol at nanoMolar concentrations characterises this phenylbenzothiazole as a high-affinity ligand of the AhR, and provides a basis for understanding the reported ability of this compound to activate the AhR (Trapani et al., 2003 ) (Loaiza-Perez et al., 2002 . The high affinity of several of these chemicals in displacing specifically-bound cytosolic TCDD shows that this is a new series of ligands for the AhR that raise interesting questions about the structural requirements for binding to the AhR. SAR based upon the dioxin and furan series of ligands suggest a requirement for planarity and halogen atoms in the lateral position (Safe et al., 1986) (Poland and Knutson, 1982) , but both of these shibboleths are questioned in the phenylbenzothiazole series, since 5F 203 is neither an obligate planar molecule (although it can assume a planar conformation), nor does it have exclusively lateral halogen atoms. The differences between the dioxin/ furan series, and phenylbenzothiazoles are not simply explained by conspicuously low affinity of the latter compounds, since the affinity of 5F 203 and TCDD for AhR are within ten-fold. Thus this series of compounds provides evidence for the possibility that a much wider range of compounds may be high affinity ligands for AhR (Henry et al., 2006) .
The affinity for binding to AhR has been shown to be predictive for the ability of dioxins and furans to activate AhR (Poland and Knutson, 1982) , and so we envisaged testing if this relationship held true for benzothiazoles. In order to make a quantitative evaluation of agonism, the RT-PCR assay was designed to take samples at an early stage after dosing, thus minimising the effects of metabolism of compound, whilst showing a linear response to compound with time. Under these circumstances, TCDD had an EC 50 for inducing CYP1A1 RNA of 60 pM, comparable with previous studies (Sawyer and Safe, 1982) . It was unexpected that the assay for induction of CYP1A1 RNA would yield such a large disparity between affinity and agonistic activity for 5F 203. It is of interest that IH 445, which has a lateral alkyne group on the benzene ring (as opposed to the 3' methyl group), is almost ~1000-fold more potent than the other benzothiazoles tested in this assay, suggesting a key role for the 3' substituent in the agonism of AhR.
The low potency of 5F 203 in agonising the AhR may be explained through decreased bio-availability of the compound, partial agonism, or non-competitive activation of an alternative pathway that inhibits the AhR signalling pathway. The ability of 5F 203 to inhibit the induction of CYP1A1 by TCDD provides compelling evidence that 5F 203 is available within the cell, and that decreased bioavailability of the compound is not the principal reason for its low potency.
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The ability to measure the antagonistic ability of an AhR ligand by Schild assay provides a quantitative measure of antagonism, and proves that the effect of 5F 203 is competitive with TCDD, and therefore is mediated through the AhR signalling pathway. Schild assay has previously been used to demonstrated that PCB 128 is a competitive antagonist of the fish AhR (Hestermann et al., 2000) . It is apparent that several AhR ligands exhibit both agonistic and antagonistic activities ) (MacDonald et al., 2004 ) (de Medina et al., 2005 , and classical receptor theory predicts that partial agonists will cause different levels of response, dependent upon receptor number and receptor-coupling (Kenakin, 1997) ; indeed, cell-specific response to partial agonists of AhR has been demonstrated (Zhang et al., 2003) . The relative quantification of these activities is essential for understanding how AhR receptor number and coupling are related to the physiological and toxicological consequences of exposure to AhR ligands.
The induction of CYP1A1 RNA is a highly sensitive marker of AhR activation (Bell et al., 2007) , and measurement of CYP1A1 RNA provides a quantitative measure of AhR activation, that is arguably superior to measuring P450 protein activity, since effects such as regulation of translation, or inhibition of enzyme activity, can vitiate interpretation, and the effects of compound metabolism can be minimised by measuring response at an early time point. This assay thereby enables a quantitative comparison between agonistic and antagonistic activities of AhR ligands. This represents an important advance, insofar as a great deal of existing literature describes antagonism of the AhR in a qualitative manner, and quantitative measurements will enable insight into the molecular mechanisms underlying ligand-specificity of response. So for example, where there is differential recruitment of cofactors by ligands of AhR (Boronat, 2007 ) (Hestermann and Brown, 2003) (Zhang et al., 2008) , it would be of interest to quantitate the agonistic and antagonistic activity of the ligands.
This report shows that 5F 203 exhibits principally antagonistic effects on the rat AhR, whilst no measurable antagonistic activity of 5F 203 can be detected in the human, MCF-7 cell line.
Whilst this difference between rat and human cell lines could theoretically be ascribd to differences in receptor number or receptor coupling (Kenakin, 1997) , direct measurements of AhR protein in these cell lines argues against a determinative role for receptor number (Holmes and Pollenz, 1997) , and the similar EC 50 for induction of CYP1A1 by TCDD between these two cell lines (Fig. 2, 5 ) argues that receptor-coupling is similar between the two cell lines. Species differences in the AhR (Ema et al., 1994) itself is the most plausible explanation for the ability of R. Bazzi et al.
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5F203 to inhibit the induction of CYP1A1 by TCDD by >100-fold in rat cells, as opposed to no measurable antagonism in human cells. In agreement with the lack of antagonism of 5F 203 in human cells, 5F 203 is a potent agonist in MCF-7 cells, with an EC 50 of 2.2 nM, 1000-fold more potent than in rat H4IIEC3 cells. Species-specific differences in partial agonism have been characterised before between mouse and guinea-pig , and this work shows that these are possible between human and other species, and extends the concept by showing quantitative differences between rat and human cells. Given the significant differences in the ligandbinding affinity of AhR for TCDD that has been shown between mouse/rat and human as a result of the A381V residue (Ema et al., 1994 ) (Poland et al., 1994) , it will be of interest to determine if this residue can also confer differences in partial agonism.
It has been proposed that the induction of CYP1A1 by 5F 203 is a key function of the anti-proliferative activity of this compound (Trapani et al., 2003) . Given that the partial antagonism of
AhR by benzothiazoles will inhibit the induction of CYP1A1, we postulated that the antagonistic activity of compounds would correlate with anti-proliferative activity both in rat cells, and when comparing rat and human cells. Thus the agonist IH 445 is relatively potent as a cytostatic agent in rat cells, while 5F 203 does not significantly decrease growth in the same rat cell line (Table 4. ); 5F 203 also failed to exert cytostatic effects in rat kidney NRK/KNRK cells (RB, data not shown), confirming that the effect is not idiosyncratic to H4IIEC3 cells. When comparing rat cells to human cells, the human cells were much more sensitive to 5F 203, compared to the rat cells, suggesting an important role for agonism of the AhR. However, TCDD by itself had no significant effect on the proliferation of either cell line, showing that agonism of the AhR by itself is insufficient to affect cell growth. These data suggest that it is a specific interaction of AhR-induced genes with 5F 203 that is responsible for the anti-proliferative activity of 5F 203; one possibility is that cytochrome P450 is induced, and catalyses the formation of a reactive and cytotoxic intermediate.
In summary, these data identify benzothiazoles as high affinity ligands for the AhR, and as species-specific partial agonists for AhR. Current work is aimed at investigating the molecular nature of the interaction between these ligands and the AhR, and characterising the nature of partial agonism with a variety of AhR ligands.
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Page 16 Tables   Compound  R1  R2  R3 5F 203 5F -Me Table 1 . Structures of 2-aryl-benzothiazoles. The position and substituent of the phenylbenzothiazole ring is given by R1, and the R2 and R3 groups on the 2-phenyl ring is shown. The position of R1, 2 and 3 is shown on the figure.
Human Gene Oligonucleotide sequence Genebank accession No Labels Table 2 . RT-PCR oligonucleotides primers for human genes. The primers and probes are identified by letters designating the forward (F), and reverse (R) primer or the probe (P), and a number corresponding to the position of the base at the 5' end of the positive strand of primer or probe in the reference sequence, according to gene bank accession number. Sequences are given from 5'→ 3'. The Reporter dye is at 5' end of the oligonucleotide, and the quencher dye Black-Hole-1 or -2 is at 3' end. FAM, iscarboxy fluorescein; Hex, hexachlorofluorescein; ROX, 5(6)-carboxy-X-rhodamine Table 4 . Growth inhibitory potency of compounds in MCF-7 and H4-II-E cells. To assess growth inhibitory activity of the compounds, cultures were plated for 24 h then treated with varying concentrations of each of the compouns listed. Cell viability was assessed by MTT assay after 3 days exposure. Curves were fitted using the sigmoidal response equation (GraphPad Prism 5.0 Software) and the concentration of compounds that inhibited the growth of cells by 50% (GI 50 ) was estimated. The 95% confidence intervals are shown in brackets. (ND*) these compounds did not decrease the viability of the cells below the control levels (T 0 ) significantly up to ~ 10 M. NP = not performed. 1 DF203 had a biphasic effect on growth inhibition.
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Figure Legends 
